Purpose This study was designed to investigate the effect of alpha-lipoic acid (ALA) on reactive oxygen species (ROS) production, total antioxidant capacity (TAC) and developmental competence of cultured pre-antral follicles derived from mouse ovarian tissue. Methods Pre-antral follicles were isolated from immature mouse ovaries and were cultured in α-minimal essential medium supplemented with different concentrations (0, 50, 100, 250 and 500 uM) of ALA. Follicular growth, oocyte maturation and embryo development were evaluated. Separately, ROS and TAC were measured after 0, 24, 48, 72 and 96 h of culture with spectrofluorometery and ferric reducing/antioxidant power (FRAP) assay, respectively. Results In the presence of 100 uM ALA, developmental rates of follicles, oocytes and embryos were significantly higher than other groups (p<0.05). At 96 h after culture, a decrease in ROS and an increase in TAC were observed in ALA group compared to control group (p<0.05). Conclusion ALA (100 uM) improves the in vitro development of follicles. This effect may be mediated by decreasing ROS concentration and increasing follicular TAC level during the culture period.
Introduction
Recent advances in the field of reproductive medicine were achieved utilizing assisted reproductive techniques (ART). Among these techniques, we can point to the in vitro culture of follicles. The culture of pre-antral follicles gives resources for the investigation of the physiology of follicular growth and ovulation and for producing a consistent population of competent oocytes for in vitro fertilization.
In vitro follicular development and maturation are affected by many factors. In this sense oxidative stress (OS) has been recently implicated as one of the most effective factors [3, 7, 44, 56] . Critical levels of reactive oxygen species (ROS) are necessary for many biochemical pathways involve in physiological functions. Oxidative stress has been known as excessive production of ROS or imbalance between the production of ROS and antioxidant defense system (i.e., oxidants exceed antioxidant [7, 22] ). Under physiological conditions, generation of ROS occurs during various cellular metabolic reactions which is equilibrated by antioxidant defense systems of cells in order to neutralize the reactive intermediate [4, 6] . In the in vivo condition, enzymatic and non-enzymatic antioxidants provide adequate protection for OS-induced pathological changes and maintain an optimal level of ROS, whereas in the in vitro setup, higher oxygen levels and lack of physiological defense mechanisms against ROS result in OS (Sajal [34, 47] ). Also, it has been shown that, OS can be induced during ART procedure by manipulation of gametes and embryos [50] . It has been indicated that OS may affect developmental competence of oocytes during in vitro maturation that may be obvious after fertilization [49] . It appears that extra ROS production in granulosa cells causes deleterious effect on oocyte fertilization and embryo development [12] . It has been reported that ROS may contribute in the oocyte meiotic arrest in the germinal vesicle (GV) stage [20] and induce embryonic developmental arrest and cell death [19] .
Protection of embryos and oocytes against OS can be measured by total antioxidant capacity (TAC) which includes the enzymatic antioxidant system (e.g., glutathione peroxidase and superoxide dismutase) and nonenzymatic antioxidants system (e.g., vitamin C, glutathione, hypotaurine and taurine) that found in the oviductal and follicular fluids [33] . The levels of these antioxidants would be a demonstrator of the severity of oxidative stress. It has been shown that, TAC was significantly elevated in the follicullar fluids of those follicles which their oocytes were successfully fertilized [40] . On the other hand, absence of such a sophisticated defense system during in vitro culture and insufficient inherent antioxidant defenses in oocyte and embryos lead to greater oxidative stress. Hence, addition of antioxidants to culture media would be rational to control excessive OS during in vitro culture of gametes or embryos, [12, 22, 30, 40] . In this context, alpha-lipoic acid (ALA), (R)-5-(1,2-dithiolan-3-yl) pentanoic acid, is an important coenzyme of mitochondrial multienzyme complexes [14, 41, 42] and is well-known for its antioxidant rule in various biological processes [57] . ALA acts directly in scavenging of ROS, metal chelation and indirectly in recycling of other intracellular antioxidants [41, 42] . Since the role of ALA has not been examined in developmental competence of preantral follicle, the present study was designed to investigate the effects of different concentrations of ALA on the developmental competence of mouse preantral follicles through its supplementation in culture medium.
Materials and methods

Chemicals
All chemicals were purchased from Sigma-Aldrich (Hamburg, Germany), unless otherwise stated. Animals NMRI mice were cared for and used according to the Damghan University Animal Ethics Committee. Animals were housed and bred under controlled conditions (12-h light/12-h dark) and were provided with water and standard laboratory chow (Laboratory animals feed; Javane Khorasan Co, Tehran, Iran) ad libitum. As reported previously, 14 days old female mice were sacrificed by cervical dislocation and their ovaries were removed and separated from the connective tissue under aseptic condition and transferred to droplets of α-minimal essential medium (α-MEM; Gibco) supplemented with 2.2 g/L sodium bicarbonate, 25 mM HEPES, (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), 10% fetal bovine serum (FBS; Gibco), 100 mIU/ml penicillin and 75 mg/ml streptomycin [26] . Adult fertile males, 6-8 weeks old, were used for the collection of sperm.
Preantral follicle culture
Preantral follicles were isolated mechanically by using a 29 gauge needle under a stereomicroscope at × 10 magnification [2] . Isolated follicles were selected according to the following criteria: rounded follicular structure with 140-160 um diameters, containing visible centrally located healthy oocyte surrounded with intact several layers of granulosa cells and at least one layer of theca cells. During the operating procedures the culture medium was always kept at 37°C.
Experimental design
To evaluate the effects of ALA, isolated preantral follicles were divided in two main groups: one group was used and cultured for up to 12 days for assessment of developmental competence while other group was used and cultured for 96 h for analysis of ROS levels and TAC assessment.
Culture of preantral follicles
The isolated follicles were cultured individually in 20 uL droplets of α-MEM supplemented with, 0.23 mM sodium pyruvate, 100 mIU/ml of recombinant follicle-stimulating hormone (Gonal-f; Serono, Geneva, Switzerland), 1% ITS (Insulin, Transferring, Selenium; Gibco), 100 mIU/ml of penicillin, 75 mg/ml of streptomycin, 5% FBS and 2.2 g/L sodium bicarbonate, overlaid sterile mineral oil in falcon culture dishes at 37°C, 100% humidity and 5% CO2 for up to 12 days or 96 h according to the experimental design [26] . To evaluate the effect of ALA, stock solution was prepared in absolute ethanol and diluted appropriately, then 50, 100, 250 or 500 uM of ALA were added to culture medium. Media without ALA were considered as control group. At 48 h intervals, 10 uL of culture medium from each droplet was replaced by fresh medium.
Measurement of follicle diameter was assessed using precalibrated ocular micrometer at × 100 magnification on day 2 and 4 of culturing. Two cross sectional diameters of each follicle were measured and averaged. The survival rate of the follicles was checked by assessment of follicle morphology under inverted microscope [1, 26] .
In vitro ovulation induction
In vitro ovulation was induced by replacement of culture media with fresh medium supplemented with 1.5 IU/ml human chronic gonadotropin (hCG) on 12th days of culture [2] . After 48 h, released oocytes were classified as germinal vesicle (GV), germinal vesicle breakdown (GVBD) when the GV was absent, and metaphase II oocytes (MII) when the first polar body was extruded. The proportions of GV, GVBD and MII were assessed in all groups.
In vitro fertilization
For in vitro fertilization, spermatozoa derived from caudae epididymis of adult male NMRI mice. Sperm suspensions were capacitated for 1.5 h in T6 medium supplemented with 5 mg/ml BSA. T6 medium composition was as described previously [11] . MII oocytes were collected from different groups and MII oocytes (n 010) were inseminated into 50 uL droplets of T6 medium supplemented with 15 mg/ ml BSA and a final motile sperm concentration of 1-2×10 6 / ml then incubated for 4-6 h. At the end of this period, inseminated oocytes (n010) were cultured in 50 uL microdroplets of T6 medium supplemented with 5 mg/ml BSA for 120 h. The percentage of embryos developing to the blastocyte stages was determined. All fertilization steps and embryo culture were carried out under detoxified mineral oil at 37°C, 100% humidity and 5% CO2 in air [2] .
Biochemical assays
Measurement of reactive oxygen species
The production of intracellular ROS of cultured preantral follicles was measured by 2′,7′ -dichlorodihydrofluorescin (DCHF) probe [2, 32] . Briefly, 10 follicles were collected from different times of culture (0, 24, 48, 72 and 97 h). The follicles were initially washed with phosphate buffer saline (PBS) and then incubated in 5 uM of 2′,7′-dichlorodihydrofluorescin diacetate (DCHFDA; Merck) at 37°C for 30 min. Then, follicles were washed three times with PBS and immediately transferred to 100 microliter of Tris-HCl buffer and sonicated at 50 W for 1 min. After sonication, solution was centrifuged at 10000×g for 20 min at 4°C and supernatant were collected. The fluorescent intensity of supernatant was monitored by using a spectrofluorometer at 525 nm emission and at 488 nm excitation. Corrections for autofluorescence were made by including parallel blanks in each experiment. Values for ROS levels were expressed as uM H2O2 and the mean dichlorofluorescin (DCF) fluorescence intensity. All experiments were repeated at least four times.
Total antioxidant capacity assay
Assessment of TAC in cultured pre-antral was performed according to ferric reducing/antioxidant power (FRAP) method [2, 13] . For preparation of cellular supernatant, 10 follicles were collected from different times of culture period (0, 24, 48, 72 and 96 h) and homogenized in 100 ml TrisHCl buffer and sonicated at 50 W for 1 min and then centrifuged at 10000×g for 20 min at 4°C. Cellular supernatant (100 uL) was added to 2 ml of freshly FRAP reagent (Tripiridyltriazine; Merck) in a cuvette and incubated in 37°C for 10 min. Then, absorbance of blue-colored reagent was read against a blank reagent at 593 nm every 20 s for 10 min. Standard solutions of 100-1000 mM of Fe +2 (FeSO 4 ×7 H 2 O) were used for calibration of assay. All experiments were repeated at least four times.
Statistical analysis
Data from replicate experiments were expressed as mean ± standard deviation (SD). Statistical analysis was performed using SPSS-ver.16 software package (SPSS Inc., Chicago, IL, USA). Differences in groups were evaluated by one-way analysis of variance (ANOVA) and Tukey's HSD was used as post hoc tests. Differences were considered significant at a level of p<0.05. Differences in ROS and TAC levels were assessed for each treatment group and each time point. All proportional data were subjected to an arc-sin transformation, and the transformed values were analyzed.
Results
In vitro follicle development
Every other day the development of in vitro cultured follicles was morphologically evaluated. By days 4 of culture, the follicles became attached to the bottom of the dish by the growing and adhesion of theca and granulosa cells. Granulosa cells proliferated and grew through basal membrane to form the irregular and diffuse appearance (Fig. 1) .
The diameter of cultured preantral follicles
The results of morphological development of the cultured isolated follicles in the presence of different concentrations of ALA were summarized in Tables 1 and 2 . The diameter of preantral follicles was measured every other day during the first 4 days. The mean follicular size at day 0 was not significantly different among all groups (p>0.05). The diameter of preantral follicles in all groups of study was increased during in vitro culture.
The diameter of preantal follicles on day 4 of culturing period in the presence of 100 uM concentration of ALA was significantly higher (p<0.05) than other groups ( Table 1 ).
The survival rate of cultured follicles Every other day, by twelfth day of culture period, follicle survival was evaluated as those follicles that retained their oocyte wholly enclosed within the granulosa cell mass (Fig. 1) . Folliclular degeneration was demonstrated by showing either spontaneous release of the oocytes or distress of further propagation of granulosa cells.
On day 12 of culture, the survival rate of cultured follicles in the presence of 0, 50, 100, 250 and 500 uM of ALA were 82%, 85%, 93%, 88% and 0%, respectively. The follicle survival rate was significantly higher in the presence of 100 uM concentration of ALA in comparison with other concentrations (p<0.05; see Table 2 ). Significant differences were not observed among follicles which were cultured in the presence of 0, 50 and 250 uM concentrations of ALA (p>0.05; see Table 2 ). In addition, until the 12th day, all follicles that were cultured in the presence of 500 uM concentration of ALA was degenerated.
Antrum formation
Lucent area in the granulosa cell mass around the oocyte that was formed from day 9 was considered as an antral-like cavity (Fig. 1) . The rate of antrum formation in follicles cultured in media containing 0, 50, 100, 250 and 500 uM concentrations of ALA were 41%, 40%, 57%, 25% and 0%, respectively. In this sense, the antrum formation rate in the presence of 100 uM concentration of ALA was significantly higher compared to the other groups (p<0.05; Table 2 ). There were no significant differences between antrum formation rates of follicles which were cultured in presence of 0 and 50 uM concentrations of ALA (p>0.05). None of the follicles that were cultured in media containing 500 uM concentration of ALA formed antral-like cavity.
Maturation rate of in vitro grown oocytes
The maturation rates of oocytes derived from isolated preantral follicles that cultured in the presence of different concentrations of ALA are summarized in Table 2 . The percentages of released MII oocyte in follicles after final oocyte maturation induced by hCG which were cultured in Fig. 1 Representative photographs of mouse preantral follicles (from 14-day old mouse) cultured in vitro for 12 days. The cultured isolated follicle on day 2 (a), day 4 (b), day 6 (c), day 8 (d), day 10 (e) and The oocyte ovulated of cultured preantral follicle after hCG administration (f). Antrallike cavities are indicated by black arrow the presence of 0, 50, 100, 250 and 500 uM of ALA were 32%, 27%, 45%, 17% and 0%, respectively. These rates were significantly different. In addition, the MII rates were significantly higher in the presence of 100 uM concentration of ALA (p<0.05). There were no significant differences between the percentage of MII oocytes in control group (0 uM ALA) and those that were cultured in the presence of 50 uM concentration of ALA (p>0.05).
Fertilization rate and embryo development
The rates of oocyte fertilization and embryo development to blastocyte stage of MII oocytes derived from cultured isolated follicles in the presence of different concentrations of ALA are shown in Table 3 . The percentages of fertilized oocytes and two-cell embyros derived from cultured preantral follicles in the presence of 50 uM (60% and 43%, respectively), and 250 uM (48% and 34%, respectively) of ALA were similar to the amount of control groups (0 uM; 61% and 45%, respectively; p>0.05). Also, rate of oocyte fertilization and two cells embryo development derived from cultured follicles in medium supplemented with 100 uM of ALA (86.1% and 70.6% respectively) was significantly higher than other groups (p<0.05).
The rate of embryo reached to morula and blastocyst stages in the presence of 50 uM ALA (30.2% and 21.7%, respectively), were similar to control group (26% and 18.2% respectively; p>0.05), however in the presence of 250 uM of ALA (13.6% and 10.3% respectively) were statistically lower than control group (p<0.05), while in the presence of 100 uM of ALA (50.3% and 47% respectively) was statistically higher than control group (p<0.05).
ROS production in cultured pre-antral follicles ROS intensity in isolated preantral follicles after 0, 24, 48, 72 and 96 h culture in the presence of different concentrations of ALA are summarized in Fig. 2 . ROS levels were increased in control group with increasing length of culture period. The highest ROS levels were observed at 96 h of culture period, except for those follicles which were cultured in the presence of 500 uM ALA, which were similar at the beginning and the end of the culture period (p>0.05). When concentrations of ALA in the culture medium were increased from 50 to 500 uM, ROS levels decreased in a dose dependent manner at different time intervals (i.e., 24, 48, 72 and 96 h). Total antioxidant capacity levels in cultured pre-antral follicles TAC levels in cultured follicles after 0, 24, 48, 72 and 96 h of culture in the presence of different concentrations of ALA were shown in Fig. 3 . TAC levels were decreased in the control groups during the culture period up to 96 h (p<0.05) In the control groups the highest level of TAC occurred at the beginning of the culture, and the TAC level was significantly decreased up to 96 h of culture (p<0.05). However, TAC levels following treatment with 100 uM of ALA after 96 h of culture completely returned to the baseline and there were no significant differences between TAC level at the end and the beginning of the culture (p>0.05). Maximum TAC levels were observed in the presence of 500 uM concentrations of ALA at 96 h (p<0.05).
Discussion
The main purpose of the present study was to determine the effects of various concentrations of ALA on the developmental competence, generation of ROS and TAC of mouse cultured isolated pre-antral follicles. The findings of this study showed that during culture period, diameter of follicles increased in all groups but diameters of follicles in medium containing 100 uM of ALA were statistically greater when compared with other groups. In addition, maturation and development of isolated follicles in the presence of 100 uM of ALA was statistically higher compared with other concentrations of ALA. Therefore, ALA (100 uM) would exerte an acceptable antioxidant activity here as shown previously [14, 17] since regulation of many intracellular signaling pathways is dependent to intracellular redox state [31] . There is considerable evidence showing that ROS are generated not only by cellular metabolism but also by external factors such as oxygen concentration, light, and manipulation during in vitro condition which may influence the overall metabolism of the cells [18, 25] , which lead to OS [4, 5, 7] . It has been shown that in the in vivo condition, ROS production is a usual itinerary in the mitochondrial respiratory chain which is equilibrated by antioxidant defense systems of cells [4, 5] . Increased ROS production occurs in the in vitro milieu [18] , which is in agreement with results of this study that showed an accrual of ROS formation in cultured preanral follicles up to 96 h. It has been founded that fortifying of the culture medium with antioxidants led to improved culture condition [25, [37] [38] [39] It has been recommended that ALA beside its main role as a coenzyme of various enzymes like pyruvate dehydrogenase complex that catalyses the utilization of pyruvate in mouse oocytes and follicles [28, 29] also acts as a potent antioxidant and able to react directly with ROS [17, 36, 51] . These observations are in agreement with our data, which showed, ROS levels during IVM of follicles in the presence of ALA were significantly decreased in comparison to the control groups.
To our knowledge, there is no report about the effect of ALA on improving the IVM of cultured isolated prantral follicles; however ALA seems to play its role through several pathways. It seems that some deal of this activity may be due to its aptitude to chelation of metal ions and recycling of other cellular antioxidants, such as vitamin C and E, and glutathione [9, 23, 43] .
Also it has been shown that ALA inhibits TNF-alphainduced ROS generation [16] and potently prevents high glucose-induced OS and cell death [52, 53] . Additionally, [24] reported that ALA suppressed 6-hydroxydopamineinduced ROS generation and suggested that the ALA suppressed ROS generation and apoptosis depended on glutathione (GSH) synthesis. .
Our data indicated, reduction in TAC levels in control groups occurred in cultured preantral follicles up to 96 h, however in the presence of 100 uM ALA, stable as well as baseline levels of TAC were conserved after 96 h of culture. In agreement with this, [59] demonstrated that, ALA administration significantly elevated plasma total antioxidant status and could increase activities of superoxide dismutase (SOD), glutathione peroxidase (GSH-Px) and catalase (CAT) in the brain tissues of male rat exposed to restraint stress [8] . It appears that increase TAC levels in the presence of ALA is due to affect on nerve growth factor (NGF) which in turn induce expression of superoxide dismutase gene that result in increase of SOD [8] . In addition ALA enhances glucose uptake by cells, followed by increment of cellular nicotinamide adenine dinucleotide and nicotinamide adenine dinucleotide phosphate levels which is leading to increase the activity of CAT [10] . Also it has been demonstrated that administration of ALA could increase GPX-Px activity followed by increase intracellular GSH levels [8, 10] . Some evidences indicate that ALA might suppress cell death through GSH synthesis [54] . This is in agreement with our data that showed in the presence of 100 uM ALA, the degeneration rate of follicles was decreased significantly during IVM, when compared with control groups. Taken together, our study indicates that ALA has an excellent antioxidant activity, however we should consider its pivotal role in pyruvate oxidation during IVM and IVF to prepare an energy source for developing oocytes (see Culture of preantral follicles; [28, 29, 46] ) On the other hand, the present study provides experimental data showing that increasing concentrations of ALA from 100 to 500 uM lead to increase degeneration rate of cultured preantral follicles. In support of our results, long time exposure to ALA results in increase of lipid peroxidation, mitochondrial damage and inhibition of glycogen synthesis [17, 36] . Also, it has been shown that high dose of ALA could arrest cell cycles in some cells [35, 55] or could provoke cell death through internucleosomal DNA fragmentation and caspase cleavage in numerous cancer cell lines [48, 55, 57] . Hence, it appears that high doses of ALA more than 100 uM are toxic for isolated preantral follicles.
On the other hand, it has been shown that ROS play important roles in somatic cell functions such as cell proliferation and differentiation [21, 45] . Consistent with the previous finding, our results showed that increase in concentration of ALA lead to decrease ROS concentration which in turn results in decrease follicles size, survival rate, and developmental competence. The results presented here showed that, ALA in 100 uM concentration promotes maturation and development of isolated follicles while higher concentrations more than 100 uM obliterate those events. Regarding to the effect of ALA on developmental competence of isolated follicles, there is no information available. Some reports have suggested that a relationship between redox-state of the follicular fluid and oocyte quality in which levels of TAC and ROS can be used as a predictive sign of successful IVF [44] . This is in consistent with our finding that showed presence of 100 uM of ALA in maturation medium results in decrease ROS production and increase TAC level which in turn lead to improve maturation and developmental competence of isolated follicles. Also it has been shown that reduced oxygen environment induce detrimental effects on maturation of squirrel Monkey's oocytes [58] .
On the other hand, it has been shown that less concentration of ROS may play a positive role in the induction of oocyte maturation and have beneficial effects on oocytes developmental competence [15, 27] . This observation may give explanation about our finding which why increasing of ALA concentrations results in decrease developmental competence of isolated follicles. In addition, as previous mentioned, high dose of ALA in numerous cancers cell lines could induce apoptosis [35, 48, 55, 57] which explicates, high degeneration rate of follicles in the presence of high concentrations of ALA.
In conclusion, culture of mouse isolated pre-antral follicles in the presence of 100 uM of ALA increased follicular TAC levels, decreased ROS levels, and finally improved the developmental competence of pre-antral follicles in vitro. Future studies are needed to explore metabolic role of ALA beside its antioxidative activity in ART.
